A survey of the Arabidopsis thaliana databases revealed that single C2H2 zinc finger protein genes comprise a large gene family (~30 genes). No known phenotype has been associated with any of these genes except SUPER-MAN. One of these genes, designated AtZFP10 (A. thaliana single zinc finger protein), was isolated by RT-PCR in the present study. The AtZFP10 gene was expressed at low levels in the flowers, axillary meristems and siliques, and at very low levels in the stems in Arabidopsis. Overexpression of the AtZFP10 gene driven by a constitutive promoter resulted in abnormal Arabidopsis plants and only one plant was recovered. Tobacco plants overexpressing the AtZFP10 gene displayed dwarfing, abnormal leaf phenotypes and early flowering that correlated with the level of expression of the AtZFP10 gene. No differences were observed in cell size between the AtZFP10 transgenic plants and the wildtype plants. Application of exogenous GA 3 did not restore the wild-type phenotype, but it did reduce the dwarfing phenotype. Deletion of the leucine-rich region at the carboxyl terminus of the AtZFP10 gene resulted in transgenic plants that were not phenotypically different from wildtype plants suggesting a role for the leucine-rich region as essential for normal function.
Introduction
In animal systems, the C2H2 zinc finger protein gene family is the largest group of regulatory proteins, and its members play a wide and important role in growth and development. Similarly, plants also contain a large array of zinc finger genes that include not only the classical C2H2 TFIIIA zinc binding protein, but also have a large number of zinc-binding proteins that appear unique to plants (for reviews see Takatsuji 1998 , Takatsuji 1999 . The C2H2 TFIIIA gene family is the most completely characterized zinc finger family due to its importance in animal systems, and the characterization also includes crystal structure analysis of the DNA-binding domains (Fairall et al. 1993) . Most zinc finger proteins characterized to date contain multiple zinc finger domains that result in increasing specificity and affinity with each additional zinc finger domain (Choo and Isalan 2000 , Laity et al. 2001 , Wolfe et al. 2000 .
In higher plants, the best-characterized C2H2 zinc finger proteins, called the EPF-type, also contain a conserved amino acid sequence (QALGG) within the alpha helix portion of the zinc finger (Takatsuji et al. 1994) . The EPS zinc finger transcription factors are a subset of the TFIIIA-type found in plants whose members have been shown to play important roles in plant development including floral organogenesis, leaf initiation, lateral shoot initiation, gametogenesis and seed development (Takatsuji 1999) . Unlike animal systems where crystal structures of the DNA zinc finger interaction have been documented, the DNA zinc finger interaction of the higher plant EPS type is still unknown. Takatsuji et al. (1994) have demonstrated that an AGT sequence is the likely target of the EPStype zinc finger binding. Multiple zinc finger proteins were found to bind AGT sequences dispersed in the putative promoter regions. The distance between the fingers was suggested to play a part in the distance between the target AGT binding sites and the optimal binding of the PetZPT2-2 gene to CAGT-N10-AGC(T) sequences (Yoshioka et al. 2001) .
There is a class of zinc finger proteins that contain only one zinc finger domain of which the best characterized is the SUPERMAN (SUP) gene (Sakai et al. 1995) . Mutant and in situ hybridization analysis have shown that SUP is required for defining the boundary in the development of stamens and the carpel (Bowman et al. 1992 , Sakai et al. 1995 , but is also expressed during carpel development (Baker et al. 1997 ). Tague and Goodman (1995) isolated eight additional single zinc finger genes (ZFP1-8) in Arabidopsis demonstrating that the SUP gene was not an isolated single zinc finger gene in Arabidopsis, but a member of a gene family. No known phenotype has been associated with any of the other single zinc finger genes.
With the sequencing of the Arabidopsis genome, additional single zinc finger genes have been found, although no known function has been attributed to these genes. The lack of mutants in the other single zinc finger genes suggests that this is possibly due to genetic redundancy and/or overlapping expression in these genes. Kobayashi et al. (1998) have demonstrated overlapping gene expression for several EPS two-finger zinc finger genes in petunia during flower development. Analy-sis of overexpressing lines either by enhancer insertions or through expression using a transgenic approach is a good alternative where mutant analysis is precluded due to genetic redundancy in the genes of interest. In an effort to characterize the function of the putative single zinc finger genes, one of them, designated AtZFP10, has been isolated and expressed constitutively both in Arabidopsis and tobacco, and the effects and interpretations are reported in this communication.
Results

Arabidopsis single zinc finger genes
In order to identify putative single zinc finger genes, a BLASTP search was done on the Arabidopsis protein database using SUP as a starting point. As putative single zinc finger genes were identified, these were then confirmed and subsequently used to search for additional single zinc finger genes. Numerous zinc finger genes were identified, most containing two or more zinc fingers based on the homology in the zinc finger domain. Analysis of the Arabidopsis sequences revealed that there are 29 putative single zinc finger genes in the Arabidopsis genome. It has not been demonstrated whether these genes are expressed. Analysis of the Arabidopsis EST database revealed few positive matches for these genes. This is probably due to the low expression level of the zinc finger genes (see below). In fact, there are also no EST matches to the SUP gene in the Arabidopsis EST database. The naming, AtZFP10 (for A. thaliana zinc finger protein), was done based on the naming by Tague and Goodman (1995) leaving AtZFP9 for SUP as a matter of convenience to maintain the order of identification of the single zinc finger protein genes. However, throughout the text the SUP designation will be used.
Expression of AtZFP10 in Arabidopsis
AtZFP10 is the largest single zinc finger gene in the A. thaliana sequence database (304 AA vs. 205 AA for SUP). However, the region surrounding the zinc finger motif is almost identical to SUP, as is the leucine-rich region at the carboxyl terminus (Fig. 1) . To determine expression of the AtZFP10 in Arabidopsis, an RNA blot hybridization was done. It was observed that expression of the AtZFP10 gene was extremely low with only a faint band that could be distinguished in the flower and axillary bud tissues, and possibly in the stem (Fig.  2B ). RT-PCR was done to verify gene expression and expression in the flower and axillary bud tissues was confirmed (Fig.  2C) . Bands of lesser intensities were also seen in the stem and silique tissues. No expression was seen in the rosette or cauline leaves.
Overexpression of AtZFP10
To determine the effect of the AtZFP10 gene on plant development, it was cloned into the binary KYLX71 vector for constitutive expression and transformed into Arabidopsis and tobacco. In both cases, there was difficulty in recovering transgenic plants. Arabidopsis seedlings that remained green on kanamycin-containing media were small with distorted leaves (Fig. 3) . Most of the plants flowered in culture while still small and only one plant survived the transfer into soil. The progeny from this one plant segregated in Mendelian fashion for the presence of the transgenes on the T-DNA suggesting that the phenotype is associated with expression of the AtZFP10 gene ( Fig. 3D ). Since only a single putative transgenic Arabidopsis plant overexpressing the AtZFP10 gene was recovered, further analysis of overexpression of the AtZFP10 gene was done using tobacco.
Tobacco plants transformed with the KYLX71 vector containing the AtZFP10 gene also displayed an altered phenotype during regeneration on kanamycin-selective medium (T 0 generation). Only a few explants resulted in shoots, leaves on these shoots were smaller and curled compared to wild-type tobacco regeneration. During rooting, the roots were more numerous, thicker and more branched compared to wild-type tobacco. Plants transferred to soil continued to display the curled leaf phenotype, had thickened stems and produced many flowers which did not set seed due to male sterility and female sterility (Fig. 4) . In some instances, the thickened stem split open with new shoots emerging from the open split area. Progeny were obtained from eleven T 0 plants either by self-pollination, or in four cases where the pollen was not viable (lines 3, 5, 6 and 12), seed was obtained through cross-pollinating with wild- type pollen. Two plants (#4 and #11) did not produce seeds even when cross-pollinated with wild-type pollen demonstrating that these were both male and female sterile, and these two lines were lost.
Eight plants from each line where seed was obtained were grown for analysis. A Northern blot hybridization was done to verify that the AtZFP10 transgene was expressed and it was observed that AtZFP10 expression correlated with the degree of severity of the phenotype (Fig. 5) . The lines with the most severe phenotype (lines 3, 5, 6 and 12) were only 12 cm or less at flowering compared to the wild-type plants, which were approximately 100 cm under the greenhouse growing conditions (Table 1) . Lines 1 and 2 had an intermediate phenotype of one third of the height of the wild type, and the remainder of the lines were half as tall as the wild-type plants. The number of internodes was reduced to about half the number observed in wild-type plants in the most severely affected transgenic plants. Most of the plants had only slightly reduced number of internodes compared to the wild type (Table 1) . Although the plants flowered with approximately the same number of leaves, the overexpressing plants developed and flowered in about half the time it took for the wild-type plants (see Fig. 4A ). The relative level of AtZFP10 expression in the overexpressing lines was similar in the T 0 and T 1 generations for each line (not shown).
In order to identify the reason for the smaller size in the transgenic plants overexpressing the AtZFP10 gene, thick sections were prepared from three of the lines (lines 1, 2 and 3). No difference in cell size was observed in the leaves or in the stems from the transgenic plants compared to the wild-type plants (Fig. 6) . Thick sections in the stem revealed a thicker mass of cells at the juncture of the stem and root in line #3 (with the severe phenotype), but this appeared to be primarily due to the shortened internodes, and not due to a reduction in cell size.
Application of exogenous GA alleviates the mutant phenotype, but does not restore wild-type phenotype Treatment with gibberellic acid GA 3 to the overexpressing AtZFP10 lines resulted in internode expansion similar to, or greater than the wild-type plants (Fig. 4D) . However, leaf size and shape continued to be smaller and curled on the edges of the leaf. In the line with the severe phenotype (line 3), GA 3 application also resulted in increased internode length, although stem expansion was proportionally less. Leaf expansion was also not affected by the application of GA 3 as the leaves remained very small and curled. Treatment with GA 3 did not alleviate the fertility problems in line #3 and pollen from the wild-type parent was required to obtain seed.
Deletion of the leucine-rich carboxyl terminus region results in no phenotype
To further characterize the AtZFP10 gene, a primer was designed that placed a stop codon directly prior to the leucine- rich region, deleting 15 amino acids at the carboxyl terminus. Transgenic tobacco and Arabidopsis plants containing the truncated protein were completely normal with no visible phenotypic differences from the wild-type plants. A Northern blot confirmed that the truncated AtZFP10 gene was being expressed in these lines (Fig. 7) .
Discussion
In the present work, we report on the expression of a single C2H2 zinc finger gene, AtZFP10, in Arabidopsis and describe the phenotype observed by ectopic expression of this gene in Arabidopsis and tobacco. The function of the AtZFP10 gene is not known. There are no known mutations associated with AtZFP10, as there are no known mutants associated with the single zinc finger genes AtZFP1-8 (Tague and Goodman 1995) . The AtZFP10 protein is more similar to the SUPER-MAN protein than the AtZFP1-8 proteins in spite of the fact that it is much larger than the other proteins. Analysis of the expression of the AtZFP10 gene in Arabidopsis demonstrated that it is expressed in flowers and axillary bud tissues, with somewhat lower expression in the stem and siliques, and it was not expressed in the leaves. Northern analysis showed that expression was very low as it was barely detectable on the blots in all the tissues and RT-PCR was done to monitor expression. Further analysis for localization through in situ hybridization of AtZFP10 expression should aid in determining overlap of the AtZFP10 and SUP gene expression in flowers and siliques. AtZFP10, unlike SUP, appears to also be expressed in the stem and axillary meristems.
Ectopic expression using the gain-of-function strategy for transcription factors, has provided insights and has been employed for many genes, including the SUPERMAN gene (Bereterbide et al. 2001 , Kater et al. 2000 , Nandi et al. 2000 . This strategy is particularly attractive where no mutant phenotype exists for the gene of interest. Overexpression of the AtZFP10 gene in Arabidopsis resulted in severely deformed and dwarfed plants that, with one exception, did not survive outside of culture medium. For this reason, overexpression analysis was done using tobacco. Comparisons of the AtZFP10 and SUP gene overexpression in tobacco reveal some similarities in phenotype as well as some major differences. All the plants that overexpressed the AtZFP10 gene in tobacco exhibited severely reduced stem elongation and abnormal leaf shape. The dwarfed phenotype was similar to those observed in plants overexpressing the SUP gene (Bereterbide et al. 2001) . However, unlike the SUP overexpressing plants, no difference in cell size was observed in the stems or leaves. This suggests that, unlike overexpression of the SUP gene in tobacco, overexpression of AtZFP10 appears primarily to affect cell number. In spite of the reduced size and early flowering, overexpression of AtZFP10 does not appear to affect the developmental flowering program in the plants as the number of leaves at flowering was similar in both the transgenic and wildtype plants. The dwarfed overexpressing SUP plants correlated with a decrease in the expression of the GA 20-oxidase gene (Bereterbide et al. 2001 ). In the AtZFP10 transgenic plants, while there appeared to be some variation in the expression of the GA 20-oxidase gene, the differences were small and did not correlate with expression of the AtZFP10 gene (data not shown). These results suggest that while there might be common target genes for SUP and AtZFP10 that probably involve cell division, there are also different target genes or there is a requirement for additional factors for SUP and AtZFP10 in transcription.
The differences in the effect on flower size between the SUP overexpressing plants and the AtZFP10 overexpressing plants also suggests that other factors are involved in flower development. Several of the AtZFP10 overexpressing transgenic lines were male and/or female infertile, resulting in the loss of the line, but with only the exception of line #3 which had deformed flowers in some plants in the T 1 generation, the remaining AtZFP10 plants had flowers that appeared to be normal.
The single zinc finger proteins are exceptional since it has been shown that the multiple zinc fingers acts cooperatively to bind DNA efficiently (Choo and Isalan 2000 , Laity et al. 2001 , Wolfe et al. 2000 . It has been suggested that the SUP protein forms homodimers or is part of a multi-polypeptide complex that binds to DNA, and that the leucine-rich region at carboxyl terminus is involved in protein-protein interactions (Takatsuji 1998) . Our results would suggest that this is indeed the case. Deletion of the last 15 amino acids at the carboxyl terminus, the region that included the leucine-rich region, resulted in transgenic plants that were no different from wild type. It is possible that the truncated protein was not functional due to overall conformational changes at the carboxyl terminus, but it is tempting to interpret these results to suggest that the carboxyl terminus is involved in protein-protein interaction required for DNA binding of these single zinc finger proteins.
Development involves the interaction of many genes expressed in the appropriate tissues over time. The large number of single zinc finger genes in Arabidopsis, the variation in expression of these genes (Tague et al. 1996, Tague and Goodman 1995) ; and visible phenotype changes with expression of these genes along with the sup mutant, suggests diverse roles for these transcription factors in plants. Further studies should begin to elucidate the function of the protein-protein and DNA-protein interaction of these genes in plant development.
Materials and Methods
DNA manipulations
Oligonucleotide primers for the AtZFP10 gene were synthesized based on the sequence found on BAC F13M22 (GenBank Acc. No. AC004684). The primers used for expression were synthesized to include the ATG start site (For: 5¢-TTC TCG AGA ATG GAG AAA CCT GGT-3¢) and TGA stop codon (Rev: 5¢-TTT CTA GAC GGT CCA TCA ATC AAA TTC-3¢) with the addition of a restriction endonuclease site (XhoI in the Forward primer and XbaI in the Reverse primer) to aid in cloning in the plant expression vector described below. For a truncated version that deleted the leucine-rich region in the carboxyl terminus a stop codon was inserted in the primer (RevTR: 5¢-TTC TAG AAG CGA TCA CCT TTG TGT TTG C 3¢). cDNA from the A. thaliana ecotype Columbia was used for amplification in a standard PCR reaction buffer [20 mM Tris-HCl (pH 8.0), 2.0 mM MgCl 2 , 0.25 mM of each dNTP, 100 ng of each primer and 2 units of Taq DNA polymerase (Gibco/BRL, Rockville MD, U.S.A.)]. The DNA fragment was cloned into pGEM T-(Promega, Madison, WI, U.S.A.) and verified by sequencing. The single zinc finger gene fragment was excised from pGEM and cloned into the KYLX71: 35S 2 vector (Maiti et al. 1993) . All E. coli manipulations were carried out in the strain TB1. The pKYLX71:AtZFP10 recombinant plasmid was mobilized into Agrobacterium tumefaciens C58C1:pGV3850 by triparental mating (Schardl et al. 1987) .
Plant tissue culture
Nicotiana tabacum cultivar KY160 was used for all tobacco transformation experiments. Transformation protocols and media are as in Schardl et al. (1987) . Initial experiments were done with T 0 plants that were transferred to the greenhouse. Self-fertilized seeds from individual T 0 plants, or when self-fertilization was not possible, F 1 seeds from a T 0 transgenic X wild-type tobacco KY160 cross, were harvested and eight T 1 or F 1 plants were assayed. A. thaliana ecotype Columbia was transformed using the whole plant dip method (Clough and Bent 1998) .
Northern blot hybridization
Total RNA was isolated using the Trizol method (Gibco/BRL, Rockville, MD, U.S.A.) at the same time of day from fully expanded leaves of greenhouse grown transgenic tobacco plants. For analysis of gene expression in different Arabidopsis tissues, 100 mg of flowers, stem, cauline leaves, rosette leaves and siliques was isolated from wild-type greenhouse grown plants by the Trizol method. Ten mg of total RNA was separated on 1.0% formaldehyde containing agarose gels and transferred onto a Zetaprobe membrane (BioRad Laboratories, Hercules, CA, U.S.A.). Random primed [a 32 P]dCTP labeled probes were prepared using the Prime-It Ó II Random Primer Labeling Kit (Stratagene, La Jolla, CA, U.S.A.). Hybridizations were carried out in 50% formamide hybridization buffer solution (0.12 M Na 2 HPO 4 ; 0.25 M NaCl; 7% v/v SDS; 1 mM EDTA) overnight at 42°C. The membrane was then washed three times at room temperature in 2Ś SC (1´ SSC is 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% SDS, twice in 2´ SSC and 0.1% SDS at 42°C and was exposed in a phosphorimager cassette (Molecular Dynamics Inc; Sunnyvale, CA, U.S.A.). Additional washings at higher temperatures were carried out as necessary.
GA 3 application
Gibberellic acid GA 3 (Sigma) was dissolved in ethanol and brought to a 1 mM concentration in 7% ethanol. Beginning at 3 weeks of age, plants were sprayed weekly until flowering with the GA 3 solution. Control plants were sprayed with 7% ethanol.
Microscopy and photography
Thick sections from the base of the stem of greenhouse grown transgenic tobacco plants were cut using the Vibratome1500 Sectioning System (The Vibratome Co.; St. Louis, MO, U.S.A.). Sections (50 mm thick) were visualized using an Olympus BX40 microscope and images were captured using a digital Canon EOS D30 and directly downloaded as a JPG file. Digital images were processed using Adobe Photoshop 5.5 (Adobe Systems, Inc., San Jose, CA, U.S.A.).
